Introduction
============

Prostate cancer (PCa) is the most commonly diagnosed cancer type and is one of the leading causes of cancer-associated cases of mortality in males worldwide ([@b1-ol-0-0-9665]--[@b4-ol-0-0-9665]). PCa is a heterogeneous and multifactorial disease, with increasing rates of incidence and mortality ([@b5-ol-0-0-9665]). In previous years, the morbidity of PCa has significantly increased in China due to the large aging population and changes in lifestyle and environment ([@b6-ol-0-0-9665],[@b7-ol-0-0-9665]). It has been reported that the high mortality rate of PCa may be attributed to metastasis ([@b8-ol-0-0-9665]). Therefore, early diagnosis is important for timely treatment of patients with PCa. Although various therapeutic strategies exist, the prognosis for patients with PCa is unsatisfactory ([@b9-ol-0-0-9665]). Currently, serum prostate-specific antigen (PSA) is a routinely used biomarker for PCa diagnosis. However, its clinical application is limited by its low specificity, which may result in an incorrect diagnosis of certain cases of PCa ([@b10-ol-0-0-9665]). Therefore, reliable and efficient biomarkers that can be used for cancer screening and outcome prediction are urgently required to improve PCa prognosis.

During the development of cancer, a number of genes serve important roles ([@b11-ol-0-0-9665],[@b12-ol-0-0-9665]). These genes may be used for improving cancer diagnosis and prognosis in various human cancer types ([@b12-ol-0-0-9665]). Bromodomain-containing proteins are a class of proteins that can regulate gene transcription by binding to acetylated histones ([@b13-ol-0-0-9665]). A member of this class is bromodomain-containing protein 7 (BRD7), also termed celtix-1. BRD7 has been associated with BRCA1-associated breast cancer and the p53 pathway ([@b14-ol-0-0-9665],[@b15-ol-0-0-9665]). BRD7 expression is significantly downregulated in numerous human cancer types, including nasopharyngeal carcinoma and oral squamous cell cancer ([@b16-ol-0-0-9665]--[@b19-ol-0-0-9665]). In PCa, BRD7 is known to suppress cell growth by binding to tripartite motif 24 ([@b20-ol-0-0-9665]). However, to the best of our knowledge, the clinical significance of BRD7 in PCa diagnosis and prognosis is unclear.

The current study investigated the expression levels of BRD7 in PCa serum and tissue samples, as well as its diagnostic and prognostic value for patients with PCa. Additionally, the association of BRD7 with cell proliferation, migration and invasion of PCa cells was assessed.

Patients and methods
====================

### Patients and sample collection

The current study was performed according to a protocol that was approved by the Ethics Committee of Caoxian People\'s Hospital (Shandong, China). Written informed consent was obtained from each of the participant and all personal information was made anonymous. A total of 126 patients with a mean age of 64 years (range, 47--78 years) were included in the current study. All patients were pathologically diagnosed with PCa at Caoxian People\'s Hospital between May 2013 and July 2015. Patients were excluded from the current study if they had received any preoperative therapy, received a digital rectal examination within 1 week prior to surgery, exhibited acute urinary retention or exhibited inflammation of the prostate. Additionally, 72 age-matched healthy male individuals with a mean age of 65 years (range, 48--76 years) were enrolled in the current study. None of the healthy controls had been diagnosed with any malignancy. Venous blood was collected from all patients and healthy volunteers prior to surgery, and serum samples were isolated from the blood by centrifugation at 11,180 × g for 5 min at 4°C. PCa tissues and adjacent normal tissues were collected from patients during radical prostatectomy. Each tissue sample was diagnosed by histopathological examination, snap frozen with lipid nitrogen and stored at −80°C. The demographic characteristics and clinicopathological features are presented in [Table I](#tI-ol-0-0-9665){ref-type="table"}. Patients were recruited for a 5-year follow-up survey and their survival information was obtained by telephone communication.

### Cell culture and transfection

Human PCa cell lines PC3 and DU145 were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher Scientific, Inc.). The cell cultures were incubated in a humidified incubator with 5% CO~2~ at 37°C. To regulate the expression of BRD7, cells were transfected with a BDR7 overexpression vector. The BRD7 gene was cloned into a pcDNA3.1 vector (Miaoling, Wuhan, China; <http://www.miaolingbio.com/>) to generate pcDNA3.1-BRD7. The cells were then seeded into a 96-well plate at a density of 2.0×10^4^ cells/well and transfected with pcDNA3.1-BRD7 or pcDNA3.1 using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) for 48 h prior to subsequent experimentation.

### RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

RNA was extracted from the serum and tissue samples using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. RNA was quantified using a Thermo Scientific NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Inc.). Single-stranded cDNA was synthesized from 10 ng RNA with a Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer\'s protocol and was then stored at −20°C prior to subsequent use. qPCR was conducted to measure the expression levels of BRD7 using a SYBR-Green Master Mix kit (Invitrogen; Thermo Fisher Scientific, Inc.) and a 7300 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.). The reactions included 1 cycle of 55°C for 1 min, and 35 cycles of 92°C for 35 sec, 59°C for 45 sec, and 72°C for 40 sec. GAPDH and α-tubulin were used as control genes for all reactions. The primer sequences were as follows: BRD7 forward, 5′-TCTCTTGGGTCCCTCATACAG-3′ and reverse, 5′-CACTCAGCAACATCCGTCTT-3′; GAPDH forward, 5′-AGAAGGCTGGGGCTCATTTG-3′ and reverse, 5′-AGGGGCCATCCACAGTCTTC-3′; α-tubulin forward, 5′-CCACTCATTCCCTCCTTGAA-3′ and reverse, 5′-ATGGCTCCATCAAACCTCAG-3′. The final relative BRD7 expression level was calculated using the 2^−ΔΔCq^ method ([@b21-ol-0-0-9665]) and normalized to GAPDH and α-tubulin.

### Western blot analysis

The BRD7 protein levels in both serum and tissue samples were analyzed using western blotting. Briefly, proteins were extracted using RIPA lysis buffer (Roche Diagnostics, Basel, Switzerland) and the protein concentrations were estimated using the bicinchoninic acid protein assay reagent (Pierce, Thermo Fisher Scientific, Inc.). A total of 50 µg whole cell lysate was separated using 10% SDS polyacrylamide gels and then transferred to polyvinylidene difluoride membranes, which were blocked using TBST buffer containing 5% bovine serum albumin (Invitrogen; Thermo Fisher Scientific, Inc.) for 1 h at room temperature. The membranes were incubated with primary antibodies (anti-BRD7, dilution 1:500, 51009-2-AP; ProteinTech, Wuhan, China) at 4°C overnight. Following the primary incubation, the membranes were incubated with horseradish peroxidase-labeled rabbit anti-goat IgG (dilution 1:5,000, SA00001-4; ProteinTech) for 1 h at room temperature. Protein bands were evaluated by enhanced chemiluminescence detection system according to the manufacturer\'s protocol (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Proliferation assay

To investigate the association of BRD7 expression with proliferation of PCa cells, MTT analysis was performed using an MTT Cell Proliferation kit (Roche Applied Science, Penzberg, Germany). Following transfection with pcDNA3.1-BRD7 or pcDNA3.1, the cells were cultured for 3 d. During the incubation, 20 µl MTT (0.5 mg/ml) was added to the PCa cells every 24 h, followed by incubation for 4 h in a humidified 5% CO~2~ atmosphere at 37°C. Following incubation, the cells were treated with 200 µl DMSO for 10 min. Absorbance at 480 nm was measured using an enzyme-linked immunosorbent assay plate reader (Thermo Fisher Scientific, Inc.). Each experiment was performed in triplicate.

### Migration and invasion assay

The migration and invasion abilities of PCa cells were evaluated using the Transwell assay without (migration assay) or with (invasion assay) Matrigel according to the manufacturer\'s protocol. PCa cells (2.0×10^5^ cells/well) transfected with pcDNA3.1-BRD7 or pcDNA3.1 were added to the top chamber, which was filled with serum-free medium. The lower chamber was prepared with DMEM supplemented with 10% FBS. Following 48 h of incubation, the cells were fixed with 100% methanol for 10 min at room temperature and stained using 0.5% crystal violet for 30 min at room temperature. An inverted microscope was used to count the cells in the lower chamber, and the magnification was ×200. Each experiment was performed a minimum of three times.

### Statistical analysis

The data are expressed as the mean ± standard deviation. The differences between two groups were analyzed by Student\'s t-test. Analysis of variance was used to perform multiple comparisons followed by a Bonferroni post hoc test. To determine the association between BRD7 expression and the clinical features of PCa, a Chi-squared test was performed. Pearson\'s correlation coefficient analysis was used to estimate the degree of dependency between variables. The diagnostic significance of serum BRD7 for PCa was evaluated according to receiver operating characteristic (ROC) analysis. Survival analysis was performed based on the expression of BRD7 using Kaplan-Meier analysis followed by a log-rank test. Multivariate Cox regression analysis was used to further confirm the prognostic significance of BRD7 in PCa. All statistical analysis was conducted using SPSS software (version 18.0; SPSS, Inc., Chicago, IL, USA) and GraphPad Prism software (version 5.0; GraphPad Software, Inc., La Jolla, CA, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Expression of BRD7 in PCa

In the current study, western blotting and RT-qPCR were performed to determine the expression levels of BRD7 in serum and tissue samples collected from 126 patients with PCa. The expression of BRD7 protein, measured by western blotting, was lower in serum and tissue cancer samples compared with normal controls ([Fig. 1A and B](#f1-ol-0-0-9665){ref-type="fig"}). According to RT-qPCR, the mRNA expression levels of BRD7 were significantly lower in PCa serum and tissue samples compared with normal controls (P\<0.001; [Fig. 1C-F](#f1-ol-0-0-9665){ref-type="fig"}). Additionally, a positive correlation was identified between serum BRD7 expression levels and tissue BRD7 expression levels using Pearson\'s correlation analysis (R=0.556; P\<0.001; [Fig. 1G](#f1-ol-0-0-9665){ref-type="fig"}).

### Association of BRD7 expression with clinical features of PCa

To verify the role of BRD7 during tumor development and progression, the association between BRD7 expression and the clinicopathological characteristics of PCa was assessed. All clinical data are presented in [Table I](#tI-ol-0-0-9665){ref-type="table"}. According to a Chi-squared test, BRD7 expression was strongly associated with pathological stage (P=0.037), lymph node metastasis (P=0.009) and TNM stage (P=0.010). By contrast, BRD7 expression was not associated with other parameters, including age, Gleason score, prostate size and PSA levels (P\>0.05). In the current study, the expression of BRD7 was defined as low expression (n=74) or high expression (n=52) based on a cutoff value of 1.053, which was the mean BRD7 expression level.

### Diagnostic accuracy of BRD7 in patients with PCa

The clinical significance of BRD7 in PCa diagnosis was evaluated by ROC analysis. An ROC curve based on the expression of BRD7 in patients with PCa revealed that the area under the curve was 0.864 ([Fig. 2](#f2-ol-0-0-9665){ref-type="fig"}), indicating a high diagnostic potential for BRD7 for PCa. At a cutoff value of 0.595, a sensitivity and specificity of 77.0 and 83.3% were obtained, respectively.

### Prognostic performance of BRD7 in patients with PCa

To determine the prognostic value of BRD7, its association with overall survival and cancer-specific survival of patients with PCa was assessed using Kaplan-Meier survival analysis. Survival information was collected from a follow-up survey with a median follow-up time of 36 months (range, 3--60 months). The survival curves presented in [Fig. 3A](#f3-ol-0-0-9665){ref-type="fig"} indicate that patients with low BRD7 expression exhibited a lower overall survival compared with those with high BRD7 expression (P=0.003). Similarly, the cancer-specific survival analysis presented in [Fig. 3B](#f3-ol-0-0-9665){ref-type="fig"} revealed that low BRD7 expression was associated with a lower cancer-specific survival compared with high BRD7 expression (P=0.029). Furthermore, multivariate Cox regression analysis identified that low BRD7 expression was an independent prognostic factor for patients with PCa (HR = 2.215; 95% CI = 1.095--4.481; P=0.027; [Table II](#tII-ol-0-0-9665){ref-type="table"}).

### Association of BRD7 expression levels with the proliferation, migration and invasion of PCa cells

In addition to the clinical significance of BRD7, its functional role during PCa progression was explored. The BRD7 expression levels detected by RT-qPCR were significantly increased when the two PCa cell lines were transfected with pcDNA3.1-BRD7 compared with cells transfected with pcDNA3.1 (P\<0.05; [Fig. 4A](#f4-ol-0-0-9665){ref-type="fig"}). Cell proliferation, evaluated by the MTT assay, was significantly decreased by overexpression of BRD7 in the two cell lines (P\<0.05, [Fig. 4B](#f4-ol-0-0-9665){ref-type="fig"}). The migration and invasion abilities, analyzed using the Transwell assay, were both significantly lower in PCa cells with upregulated BRD7 expression (P\<0.05, [Fig. 4C-F](#f4-ol-0-0-9665){ref-type="fig"}).

Discussion
==========

As the most common malignancy in males worldwide, an increasing number of studies have focused on improving the prevention and treatment of PCa ([@b22-ol-0-0-9665]). Although various advanced therapeutic strategies exist, the outcomes for patients with PCa are far from ideal ([@b23-ol-0-0-9665]). Previous studies have revealed that the overall survival of patients with early PCa is good, however, the majority of patients exhibited advanced PCa at the initial diagnosis ([@b24-ol-0-0-9665]--[@b26-ol-0-0-9665]). Therefore, early diagnosis and effective prognosis are crucial for improving PCa treatment.

BRD7 is ubiquitously expressed in various tissues and primarily located in the nucleus ([@b27-ol-0-0-9665],[@b28-ol-0-0-9665]). As a transcriptional regulator, BRD7 has been reported to modulate gene expression ([@b15-ol-0-0-9665]). BRD7 has also been described to be a tumor suppressor in a number of human cancer types. For example, Park *et al* ([@b29-ol-0-0-9665]) demonstrated that BRD7 expression is reduced in ovarian cancer tissue samples and acts as a tumor suppressor in patients with ovarian cancer. Chen *et al* ([@b30-ol-0-0-9665]) revealed that BRD7 is downregulated in hepatocellular carcinoma (HCC) tissues and identified that BRD7 is a tumor suppressor and therapeutic target for patients with HCC. Considering the suppressive role of BRD7, its associations with the progression and development of human cancer have been investigated. Park *et al* ([@b31-ol-0-0-9665]) have revealed that BRD7 is associated with the growth of endometrial cancer cells. Additionally, a downregulation of BRD7 has been observed in PCa cell lines by Kikuchi *et al* ([@b20-ol-0-0-9665]) Consequently, the current study proposed that BRD7 may be clinically significant as a molecular biomarker in PCa.

In the current study, the serum BRD7 expression level was significantly lower in patients with PCa compared with the healthy controls. Furthermore, BRD7 expression was significantly lower in cancer tissues compared with paired normal controls. Additionally, a positive correlation was identified between serum BRD7 expression levels and tissue BRD7 expression levels. Associations were revealed between tissue BRD7 expression levels and the clinicopathological features of patients with PCa. According to the Chi-squared test, expression of BRD7 was associated with pathological stage, lymph node metastasis and TNM stage. Based on these data, BRD7 was considered to be a potential tumor suppressor that may be involved in tumor development.

BRD7 expression has been investigated due to its clinical significance in several human cancer types, including oral squamous cell carcinoma ([@b19-ol-0-0-9665]), colorectal carcinoma ([@b32-ol-0-0-9665]) and osteosarcoma ([@b33-ol-0-0-9665]). However, to the best of our knowledge, the clinical value of BRD7 in patients with PCa has rarely been reported. In the current study, an ROC curve based on serum BRD7 expression levels was established to evaluate the diagnostic performance of BRD7 in patients with PCa. The expression level of BRD7 effectively distinguished patients with PCa from healthy individuals, with high sensitivity and specificity. Additionally, the prognostic significance of BRD7 was investigated in the current study. Survival analysis demonstrated that patients with a low BRD7 expression level exhibited a shorter survival time compared with those with a high BRD7 expression level in both overall survival and cancer-specific survival analysis. Furthermore, according to multivariate Cox analysis, low BRD7 expression was demonstrated to serve as an independent prognostic factor for patients with PCa.

To investigate the biological function of BRD7 in PCa, the current study performed cell-based experiments using pcDNA3.1-BRD7 to upregulate the expression of BRD7 in PC3 and DU145 cell lines. The expression of BRD7 in PCa cells was successfully increased by transfection with pcDNA3.1-BRD7. An MTT assay revealed that cell proliferation could be suppressed by overexpression of BRD7. Furthermore, cell migration and invasion were inhibited in cells transfected with pcDNA3.1-BRD7. These data may indicate that BRD7 is associated with PCa progression. In addition to PCa, upregulation of BRD7 has been associated with decreased cell proliferation and migration in lung adenocarcinoma and may exert antitumor effects by activating the phosphorylation of ERK ([@b34-ol-0-0-9665]). The current study provides evidence that BRD7 may be used as an efficient biomarker for PCa diagnosis and prognosis. Future studies are required to explore the related underlying mechanisms.

In conclusion, the current study revealed that a downregulation of BRD7 is associated with the pathological stage, lymph node metastasis and TNM stage of PCa. The decreased expression of BRD7 may serve as an effective diagnostic and prognostic biomarker for PCa. In addition, PCa cell proliferation, migration and invasion can be suppressed by the overexpression of BRD7, which may serve a crucial role during PCa progression. Therefore, it is proposed that BRD7 may potentially be used as a novel biomarker and therapeutic target in PCa.
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![Expression levels of BRD7 measured by western blotting and semi-qPCR in serum and tissue samples collected from patients with PCa. (A) Western blot analysis of serum BRD7 expression levels in 4 patients with PCa and 4 healthy controls. (B) Western blot analysis of BRD7 expression levels in 4 cancerous tissues and 4 matched normal controls. (C) BRD7 mRNA expression levels in serum samples collected from 4 patients with PCa and 4 healthy controls. (D) BRD7 mRNA expression levels in 4 cancerous tissues and 4 matched normal controls. (E) Serum BRD7 expression was significantly decreased in patients with PCa compared with healthy controls. \*\*\*P\<0.001 vs. healthy controls. (F) Significantly lower BRD7 expression levels were identified in PCa tissues compared with adjacent normal tissues. \*\*\*P\<0.001 vs. normal tissues. (G) Serum BRD7 expression level was positively correlated with tissue BRD7 expression level (R=0.574; P\<0.001). BRD7, bromodomain-containing protein 7; semi-qPCR, semi-quantitative polymerase chain reaction; PCa, prostate cancer; C, patient with PCa; H, healthy control; T, cancerous tissue; N, normal control.](ol-17-01-0849-g00){#f1-ol-0-0-9665}

![Receiver operating characteristic analysis based on the expression of BRD7 in patients with prostate cancer. An AUC of 0.864 was obtained. At a cutoff value of 0.595, a sensitivity and specificity of 77.0 and 83.3% were achieved, respectively. AUC, area under the curve; BRD7, bromodomain-containing protein 7.](ol-17-01-0849-g01){#f2-ol-0-0-9665}

![Kaplan-Meier survival analysis based on BRD7 expression levels in patients with PCa. (A) Patients with low BRD7 expression exhibited poor overall survival compared with patients with high BRD7 expression (P=0.003). (B) Low expression of BRD7 was associated with poor cancer-specific survival in patients with PCa (P=0.029). BRD7, bromodomain-containing protein 7; PCa, prostate cancer.](ol-17-01-0849-g02){#f3-ol-0-0-9665}

###### 

Association of BRD7 with cell proliferation, migration and invasion of PC3 and DU145 cells. (A) PCa cells transfected with pcDNA3.1-BRD7 exhibited significantly higher BRD7 expression levels compared with the control group. (B) Cell proliferation evaluated by the MTT assay was significantly lower in cells transfected with pcDNA3.1-BRD7 compared with the control. (C) Migration analysis of PC3 and DU145 cells. (D) Invasion analysis of PC3 and DU145 cells. (E) Overexpression of BRD7 significantly decreased the migration of PCa cells. (F) PCa cell invasion ability, estimated by a Transwell assay, was significantly decreased by overexpression of BRD7. Magnification, ×400. \*P\<0.05, \*\*P\<0.01 vs. pcDNA3.1. BRD7, bromodomain-containing protein 7; PCa, prostate cancer.
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###### 

Associations between BRD7 expression levels and clinicopathological features of patients with prostate cancer.

                               BRD7 expression level        
  ----------------------- ---- ----------------------- ---- ----------------------------------------------------
  Age, years                                                0.370
    ≤65                   47   30                      17   
    \>65                  79   44                      35   
  Gleason score                                             0.214
    ≤7                    43   22                      21   
    \>7                   83   52                      31   
  Prostate volume                                           0.061
    Normal                80   42                      38   
    Hyperplastic          46   32                      14   
  Pathological stage                                        0.037^[a](#tfn1-ol-0-0-9665){ref-type="table-fn"}^
    pT1-2                 54   26                      28   
    pT3-4                 72   48                      24   
  Lymph node metastasis                                     0.009^[a](#tfn1-ol-0-0-9665){ref-type="table-fn"}^
    Negative              65   31                      34   
    Positive              61   43                      18   
  PSA levels, ng/ml                                         0.131
    ≤10                   65   34                      31   
    \>10                  61   40                      21   
  TNM stage                                                 0.010^[a](#tfn1-ol-0-0-9665){ref-type="table-fn"}^
    I--II                 58   27                      31   
    III--IV               68   47                      21   

P\<0.05. BRD7, bromodomain-containing protein 7; PSA, prostate-specific antigen.

###### 

Multivariate Cox analysis of BRD7 expression level in patients with prostate cancer.

  Variable                                        HR      95% CI         P-value
  ----------------------------------------------- ------- -------------- ----------------------------------------------------
  BRD7 expression level (low vs. high)            2.215   1.095--4.481   0.027^[a](#tfn2-ol-0-0-9665){ref-type="table-fn"}^
  Age, years (≥65 vs. \<65)                       1.001   0.542--1.848   0.997
  Gleason score (≥7 vs. \<7)                      1.494   0.836--2.670   0.176
  Prostate volume (normal vs. hyperplastic)       1.091   0.624--1.910   0.759
  Pathological stage (pT1-2 vs. pT3-4)            1.572   0.869--2.841   0.134
  Lymph node metastasis (negative vs. positive)   1.112   0.617--2.005   0.723
  PSA level, ng/ml (≥10 vs. \<10)                 1.053   0.595--1.866   0.859
  TNM stage (III vs. I--II)                       1.189   0.667--2.120   0.556

P\<0.05. BRD7, bromodomain-containing protein 7; HR, hazard ratio; CI, confidence interval; PSA, prostate-specific antigen.
